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Introduction {#sec0005}
============

The macrophytes are, after death, an important detritus source due to their role in carbon and nutrient cycles in aquatic systems. Decomposition is a key process for the maintenance of the heterotrophic activity[@bib0185] releasing both hydrosoluble and non-soluble compounds.[@bib0190] The release of hydrosoluble fraction (i.e., dissolved material) occurs by leaching polar compounds of the detritus and may vary from 24 h to 15 days[@bib0195]; the non-soluble material (i.e., lignocellulosic material) is a fraction showing slow decay constant rates contributing with diagenetic processes.

The role of the dissolved fraction as a source of carbon to the microbial loop is well documented.[@bib0200], [@bib0205], [@bib0210] From this concept, heterotrophic bacteria are the main dissolved carbon recycler in the aquatic ecosystems and the energy is channeled to higher trophic levels. However, some studies[@bib0215], [@bib0220], [@bib0225] have recognized that the lignocelluloses (i.e., POC) also sustain the aquatic food web due to the enzymatic action of microbial community and DOC production. The lignocelluloses contribution to the DOC pool may be considered an important pathway of carbon cycle in the detritus food web.

Lignocellulose material is highly resistant to the microbial community and other animals and is generally not used by grazers. The enzymatic activity of microorganisms reduces the molecular weight of the polymer by hydrolysis and/or solubilization during decomposition, enabling it to be used by the microbial cells. Cellulose is the most abundant component in the plant tissue and its depolymerization mainly involves three enzymes: 1,4-β-exoglucanases, 1,4-β-endoglucanases and 1,4-β-glucosidades.[@bib0230] This polymer is relatively susceptible to degradation[@bib0235], [@bib0240] yielding by-products readily available to microbial metabolism.[@bib0230]

Function forces, including temperature and nutrient availability may influence the enzymatic activity and, consequently, the rate of DOC production. High temperatures play an important role in enzyme metabolism,[@bib0245] but the influence of nutrients is still unclear.[@bib0250], [@bib0255] The degradation of cellulose in different trophic statuses contributes to understanding the biochemical aspects of carbon turnover in aquatic ecosystems. In this study, we address (i) the relationship between DOC release during macrophyte-cellulose decomposition and enzymatic activity; (ii) the main aspects of the DOC release/use; (iii) the role of the trophic status in the carbon turnover. We supposed that the DOC release controls the enzymatic activity and both are higher in abundant nutrient conditions (i.e., hypereutrophic).

Materials and methods {#sec0010}
=====================

Sampling area {#sec0015}
-------------

Water and macrophyte samples were collected in Barra Bonita Reservoir (22°29′--22°32′ S and 48°29′--48°34′ W), located in São Paulo State. Barra Bonita (325 km^2^ of area) is the first of six cascade reservoirs along the Tiete River and is considered eutrophic due to intense anthropic activity.[@bib0260] The littoral zone of the reservoir is mainly colonized by *Paspalum repens* P. J. Bergius (Poaceae) and *Pistia stratiotes* L. (Araceae). The main limnological characteristics of Barra Bonita Reservoir[@bib0265] are high concentrations of total phosphorus (89--143 μg L^−1^), low concentrations of dissolved oxygen (4.5--5.0 mg L^−1^), total nitrogen concentration ranging from 3.0--3.5 mg L^−1^, neutral pH (7.0--7.5) and total organic carbon varying from 4.8 to 24 mg L^−1^.

Water and macrophyte sampling {#sec0020}
-----------------------------

Water samples (40 L) were collected from the littoral zone of the reservoir at an eutrophic site (N:P ratio: 55) with *P. repens* (22°28′19.27″ S and 48°29′20.41″ W); and at a hypereutrophic site (N:P ratio: 79) with *P. stratiotes* (22°26′20.1″ S and 48°31′18.2″ W) with a 5.0 L Van Dorn bottle at different depths (surface, middle and bottom). The water samples were mixed in a polyethylene container to obtain vertically integrated samples. Mature plant samples were manually collected in the littoral zone of the reservoir. In the laboratory, the water samples were filtered through a cellulose ester membrane (*Ф* = 0.45 μm) and the plants were washed with tap water to remove the adhered coarse material. The plant material was oven dried (40 °C), and the POC was obtained after cold aqueous extraction of the hydrosoluble fractions (4 °C, 24 h)[@bib0270] from previously sterilized plants (120 °C, 1 atm, 15 min). The POC was considered the lignocellulose matrix and was used in the decomposition assays. The detritus quality is indicated by C:N C:P molecular ratios of initial POC (*P. repens*: C:N = 1:1.5; C:P 1:0.8; *P. stratiotes*: C:N: 1:0.37; C:P 1:0.6)

Experimental design {#sec0025}
-------------------

### DOC and cellulose determination {#sec0030}

Anaerobic decomposition assays were carried out using 180 (*n* = 90 per species) decomposition chambers (400 mL) containing POC and filtered water sample (proportion of 10.0 g DM L^−1^). The chambers were maintained in the dark at 25 °C (average water temperature measured in the reservoir) and 1 mL of indigenous inoculum (i.e., water and sediment from reservoir) was added to each chamber. The initial trophic conditions of both sampling stations were adopted as nutrient backgrounds to prepare the decomposition chambers simulating four trophic regimes[@bib0275] by dilution or by adding solutions of nitrogen and phosphorus. The N:P ratio of sampling stations was maintained in the incubations.

On each sampling day (days 10, 20, 30, 60, 90, and 120), three chambers of each plant and trophic condition were filtered (*Ф* = 0.45 μm) and fractioned into POC and DOC. The DOC was filtered successively (*Ф* = 0.45 μm and 0.2 μm) and the carbon concentration was measured using a carbon analyzer (Shimadzu TOC-L CPH, Japan). The DOC daily rate was calculated according to Eq. [(1)](#eq0005){ref-type="disp-formula"}. The DOC daily rate was considered as mineralization or immobilization. The difference between the concentrations of filtered dissolved carbon (0.45 and 0.2 μm) was assumed as formation of organic compounds including microbial biomass (immobilization). Cellulose content of remaining POC was measured by gravimetric analysis with a prior acid digestion (H~2~SO~4~^−^ 72%, 3 h).[@bib0280]$$\text{DOC} = \frac{\Delta\lbrack\text{DOC}\rbrack}{\Delta t}\text{,}$$where DOC, DOC daily rate (mg L^−1^ d^−1^); \[DOC\], DOC concentration (mg L^−1^); *t*, time (days).

### Enzyme assay -- cellulolytic activity determination {#sec0035}

From each decomposition chamber, enzyme extracts were prepared using 20.0 mL of DOC and 1 g of POC (fresh mass). The samples were homogenized (Ultra-Turrax model T10, Germany), sonicated with an ultrasound (model Unique, Brazil) and centrifuged (3000 × *g*, 15 min, 4 °C; Heraeus Instruments, Megafuge 3.0R, Germany). The cellulase activity was determined spectrophotometrically (Ultrospec 2100 Pro, Sweden) by measuring the concentration of released reducing sugar[@bib0285] acting on specific substrates[@bib0290] (a pure cellulose filter -- Whatman no. 1). The measurement of 1 μmol of glucose per minute of reaction per milliliter corresponds to 1 international unit per milliliter.

### Statistical analysis {#sec0040}

The nonparametric test of Kruskal--Wallis (significance level *p* \< 0.05) followed by the Dunn\'s multiple comparison test were applied to the DOC and to the cellulase data to evaluate differences in the nutrient treatments. The differences between the plants were assessed using Kruskal--Wallis.

Results {#sec0045}
=======

The remaining content of cellulose from detritus of *P. repens* and *P. stratiotes* at the end of the decomposition experiments are presented in [Table 1](#tbl0005){ref-type="table"}. The oligotrophic condition showed the major cellulose decay for the *P. repens* detritus and it decreased according to an increase in the trophic status ([Table 1](#tbl0005){ref-type="table"}). For *P. stratiotes*, the highest decay occurred in oligotrophic and hypereutrophic environments that showed similar cellulose content after 120 days ([Table 1](#tbl0005){ref-type="table"}).

Cellulase activity on *P. repens* detritus increased over 60 days for all trophic statuses ([Fig. 1](#fig0005){ref-type="fig"}). In the eutrophic and hypereutrophic conditions, the enzyme activity showed a slight decrease from day 20 to day 30 (0.62--0.47; 0.64--0.54 IU mL^−1^, respectively). The highest cellulase activity occurred in the oligotrophic status on day 60 (0.81 IU mL^−1^). The values showed a sharp decrease until day 120 (0.25 IU mL^−1^). Mesotrophic and eutrophic statuses showed a similar variation pattern of enzymatic activity; for the hypereutrophic condition, the cellulase activity decreased from day 90 (0.7--0.3 IU mL^−1^). Statistical analysis of temporal enzyme activities pointed out no significant differences among the trophic states (*p* \< 0.05).

During the cellulose degradation indicated specifically by cellulase activity, the DOC daily rate derived from *P. repens* detritus increased almost proportionally to the enzyme activity. After approximately 20 days, the DOC daily rate and enzyme activity were inversely correlated ([Fig. 1](#fig0005){ref-type="fig"}) showing the predominance of the consumption process (i.e., mineralization or immobilization). The DOC daily rate decreased over time in all trophic statuses. No statistical differences were observed among the treatments (*p* \> 0.05).

For *P. stratiotes* detritus, the cellulase activity increased until day 10 for all trophic conditions (0.78, 0.63, 0.69, 0.5 IU mL^−1^ for oligotrophic, mesotrophic, eutrophic and hypereutrophic, respectively) ([Fig. 2](#fig0010){ref-type="fig"}). The values declined until day 30 for mesotrophic and hypereutrophic statuses while a high peak of cellulase occurred for oligotrophic and eutrophic (0.57 and 0.36 IU mL^−1^, respectively). On day 60, the highest enzymatic activity was recorded for the mesotrophic status (0.41 IU mL^−1^) decreasing until day 120 for mesotrophic and hypereutrophic conditions. Oligotrophic and eutrophic statuses showed the highest cellulase activity on day 90 (0.35 IU mL^−1^). Statistical analysis of temporal enzyme activities pointed out no significant differences among the treatments (*p* \< 0.05).

The increase in the DOC daily rate was closely related to the cellulase activity until day 10. After that the pattern was opposite (i.e., increase of DOC consumption) and the DOC daily rate decay increased over time, except for the eutrophic condition (high daily rate on day 60: 0.19%). A raise of DOC occurred on day 90 for oligotrophic, mesotrophic and hypereutrophic statuses (0.09%, 0.07%, 0.02%, respectively). In general, the increase in DOC was the dominant process on the mesotophic status while its consumption due to mineralization or immobilization was the main route to a hypereutrophic condition. Statistical analysis of the DOC daily rate showed no significant differences among the trophic statuses (*p* \< 0.05).

In general, the immobilization of DOC (i.e., microbial biomass formation) was higher for *P. repens* ([Fig. 3](#fig0015){ref-type="fig"}A). The maximum carbon immobilization occurred from day 20 to 60, mainly for the hypereutrophic condition. For *P. stratiotes*, the highest biomass formation was on day 60 for eutrophic and hypereutrophic statuses ([Fig. 3](#fig0015){ref-type="fig"}B).

Discussion {#sec0050}
==========

After 120 days of decomposition, our results showed a high loss of cellulose content in *P. repens* detritus mainly in poor-nutrient conditions (i.e., oligotrophic) suggesting that the particulate detritus is an important carbon resource for microorganisms in nutrient-limited environments. The lignin--celullose--hemicellulose matrix interactions and also the detritus quality (indicated by C:N:P ratios) may reflect the major decay of cellulose from *P. stratiotes* detritus in eutrophic conditions. The access of microorganisms to the fibers depends on their structural arrangement, which is different for each plant and can also be different for each structure (e.g. leaves, stem) of the same plant.[@bib0235] Furthermore, the biochemical degradation of an organic resource is improved in a nutrient-rich environment due to the high extracellular enzyme activity.[@bib0295] The significant differences between the cellulose decay of both plants show the role of the detritus quality (indicated here by C:N C:P ratio) in the degradation of fibers.

In general, the enzymatic activity in *P. repens* detritus increased over time with a slight decrease over 30 days when the DOC immobilization was the predominant process. We suppose that the DOC daily rate increase (until day 10) was faster than the microbial uptake and the microorganisms responsible for this process produced the highest cellulase enzymatic activity in the first days of incubation. After 10 days, the main route of the DOC was immobilization and the increase in cellulase activity may be related to the high heterotrophic activity due to the increase in biomass. Low DOC availability in the system probably stimulated the microbial community to enzymatically attack the lignocellulosic detritus to obtain carbon.[@bib0300]

The input of carbon in a system increases microbial respiration, enzyme activity production and changes the carbon availability, and therefore, the microbial community structure.[@bib0305] The degradation of less recalcitrant resources (ca. hemicelluloses glycosidic bonds) in the first days of decomposition decreases the carbon limitation supporting the heterotrophic metabolism and the attack to the cellulose fibrils.[@bib0230], [@bib0310] The whole cellulose activates the enzymatic chain of cellulase production decreasing the DOC availability due to the formation of biomass in a no-limiting nutrient environment.[@bib0305], [@bib0315] The input of soluble cellulose improved the DOC formation (day 10) and its rapid assimilation, mainly by bacteria (biomass formation), increased the cellulolytic activity. It is more evident in nutrient-rich incubations (from mesotrophic to hypereutrophic). Thus, the presence of phosphorus and nitrogen in the medium may improve the microbial activity increasing the carbon demand reflecting in the enzymatic production.

For *P. stratiotes*, the enzymatic activity showed an increasing pattern from day 20 to day 30 and a decrease in the DOC daily rate after 10 days. The sharp decrease in the DOC daily rate indicates its mineralization and loss of fiber content (approximately 82% of cellulose lost to the eutrophic condition). The high enzymatic activity, mainly in the oligotrophic status, suggests that even in a nutrient-limited environment, the microbial community uses resources to depolymerize extensive carbon molecules, probably using the detritus as a resource of carbon. The nutrient-rich condition supported the microorganisms energy demands and the carbon immobilization.[@bib0300] This assumption confirms that for *P. stratiotes*, both the trophic status and detritus quality influenced the carbon flow.

The degradation of the cellulose from macrophytes detritus depends on the production of extracellular enzymes by bacteria and fungi acting synergistically (Cellulosome Concept[@bib0320]). In anaerobic conditions, microorganisms utilize a complex system of enzymes to hydrolyze cellulose releasing readily degradable compounds (monosaccharides and oligosaccharides) and high molecular-weight compounds.[@bib0325] Bacteria and fungi acting in the cellulose substratum increase the degradation of the cellulose. Fungi attack recalcitrant substances (i.e., high molecular weight compounds) releasing intermediate by-products to the bacteria uptake and, consequently, increasing the cellulase activity.[@bib0330] The relationship between enzyme activity and DOC immobilization and mineralization presented here show the importance of a recalcitrant carbon source (i.e., cellulose) for the heterotrophic metabolism. Some studies[@bib0215], [@bib0335], [@bib0340] have shown the role of the lignocellulosic matrix in the DOC production and its function in the energy flow.

Cellulose breakdown results in fermentative sugars and the fungi growth improves this process due to the processing of lignocellulosic detritus.[@bib0345], [@bib0350] During cellulose degradation, the microbial community shifts to a highly specialized community producing a range of 11 enzymes acting synergistically on the substratum in an anaerobic condition.[@bib0355] The enzyme activity supports the release of the soluble carbon from the cellulose high molecular-weight carbon (but not recalcitrant) enhancing the heterotrophic metabolism.[@bib0300] In this regard, this study assumes that the hydrolysable fraction of the cellulose fiber was responsible for the high DOC daily rates and increasing biomass, mainly during *P. repens* degradation. The high amount of proteins in that macrophyte species[@bib0360] is closely related to the complex enzyme activation as it binds proteins and nitrogen compounds together.

Accessibility and hydrolysability are the main factors controlling the cellulose breakdown.[@bib0350] From this point of view, the cellulose hydrolysis decreased until there was a degree of conversion of cellulose of 30% and a clogging system diminished the affinity between cellulose and cellulase. The results suggest that the detritus quality, including its recalcitrance (i.e., amount of fibers) were important to predict the relationship between cellulase and cellulose and its conversion to DOC. The higher cellulose content in *P. repens* detritus[@bib0265] limited its conversion to DOC (lower rates than *P. stratiotes*), but the cellulase activity may be due to the enzymes' clogging system.

In summary, the cellulose macrophyte-derived showed a fast hydrolysable fraction (ca. 10 days), which contributed to carbon immobilization. Mineralization was the long-term predominant process mainly due to the respiratory activity of microorganisms. Moreover, the hydrolysable fraction of cellulose improved the immobilization process, which was stimulated by both the nutrient condition and the detritus quality. High nutrient concentrations increased the respiratory activity of microorganisms and, therefore, the CO~2~ formation. The trophic status showed minor importance for cellulose breakdown and the availability of resources in the environment limits the attack of microorganisms to the detritus. The intrinsic characteristics of detritus (i.e., C:N C:P ratios) were important for the degradation of fibers. The outcomes show an alternative route of the carbon cycle in aquatic ecosystems and contribute to understanding the process occurring within the sediments.
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###### 

Cellulose (%) on the remaining Particulate Organic Carbon (POC) (after 120 days) in the detritus of *Paspalum repens* and *Pistia stratiotes*. N:P ratios of sampling stations with *Paspalum repens* and *Pistia stratiotes*: 55 and 79, respectively. C:N:P ratios of *Paspalum repens* and *Pistia stratiotes* detritus: 1:1.5:0.8 and 1:0.3:0.6, respectively.

  Trophic status detritus   Oligotrophic   Mesotrophic   Eutrophic   Hypereutrophic
  ------------------------- -------------- ------------- ----------- ----------------
  *P. repens*               19.0           45.0          65.0        44.8
  *P. stratiotes*           26.5           38.0          28.0        26.5
